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Treatment of dilute organic-copper wastewater discharged from semiconductor 
manufacturing facilities using photocatalytic degradation mediated by illuminated TiO2 
was investigated in this study. Two organic compounds of ethyl lactate and phenol and 
copper ions were studied due to their common applications in various fabrication 
processes as well as their seriously negative environmental impacts. 
 
Photocatalytic experiments showed that the removal efficiency of ethyl lactate and 
phenol were dependent on TiO2 catalyst loading, initial pH, oxygen concentration and 
TiO2 catalyst properties. The optimal TiO2 dosage of 0.1 g/L and initial pH of 3.0 were 
determined. The photocatalytic process had much better removal efficiency under pure 
oxygen conditions.  
 
Kinetic experiments on ethyl lactate and phenol photodegradation illustrated that the 
photodegradation processes agreed with first-order rate reaction under the experimental 
conditions in this study. It was found that the removal of ethyl lactate and phenol due to 
adsorption onto TiO2 particles could be neglectable. 
 
Simultaneous removal of the copper ions and two organic compounds was investigated 
under aerobic and anaerobic conditions. Under aerobic conditions, oxygen inhibited 
copper reduction and copper was removed through precipitation; while under anaerobic 
conditions, it can be reduced to elemental Cu. The removal rate of copper and the rate of 
 vi
reduction of ethyl lactate and phenol concentrations are lower than those in the aerobic 
conditions.  
 
It has been a major obstacle that TiO2 particles are difficult to separate from the treated 
water stream due to their lower settling velocities. In order to overcome the problem, the 
TiO2 particles were encapsulated by a novel electronic spraying technology. The spraying 
involves extruding a liquid at a constant flow rate and subjecting the liquid to an electric 
field. In this manner, a charge induced on the surface of the liquid results in a mutual 
charge repulsion that disrupts the liquid surface, breaking it up into a charged stream of 
fine droplets. By the technology, the encapsulated titanium dioxide with calcium alginate 
was prepared. Such parameters as particle size and setting velocity were investigate in 
this study. It was found the settling capacity of the encapsulated TiO2 was significantly 
enhanced. More importantly the photo-oxidation properties of ethyl lactate and phenol by 
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CHAPTER 1        
INTRODUCTION 
 
1.1 Problem Statement 
The semiconductor industry is an important component of the electronics industry, 
whose global market yield has already exceeded that of the automobile industry as the 
new millennium arrives (Chang and Sze, 1996). The semiconductor manufacturing 
process involves a wide variety of distinct unit procedures and is continually evolving. 
Although considerable efforts have been made through process modification or 
chemical substitution to reduce environmental contamination, many of the processes 
involved in the semiconductor industry give rise to emissions of a variety of 
pollutants include inorganic and organic compounds. In Singapore, the organic 
content of the wastewater must be reduced to within allowable limits in accordance to 
the Environmental Pollution Control Act (EPCA) and the Sewerage and Drainage Act 
(SDA) before it is discharged to the public sewer or watercourse (Ministry of 
Environment, 2001).   
 
Currently, vast majority of the wastewater treatment processes for semiconductor 
manufacturing facilities is intended to remove inorganic chemicals such as 
hydrofluoric acid, sulfuric acid, phosphoric acid, nitric acid, ammonium hydroxide, as 
well as heavy metals such as copper, cobalt and silicon (Huang and Liu, 1999). In 
contrast, the potential problems associated with the waste organic compounds have 
not been properly addressed. At present, there are a number of waste disposal 
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methods currently in practice with varying degrees of success. Methods of treatment 
in which the application of physical forces predominate are known as unit operations, 
like primary screening. Methods of treatment in which the removal of pollutants 
using chemical or biological reactions are known as unit processes, like neutralization. 
Unit operations and processes are grouped together to provide various levels of 
treatment known as primary, advanced primary, secondary and advanced treatment. 
An ideal waste treatment process should completely mineralize all the toxic species 
present in the waste stream without leaving behind any hazardous residues. It should 
also be cost effective.  The current situation most of the treatments require subsequent 
treatment which results in high cost. For example, air-stripping require subsequent 
treatment of the off-gas. Biological degradation is not applicable to waste streams 
with very toxic organics. Advanced oxidation processes (AOPs) are used to oxidize 
complex organic constituents found in wastewater that are difficult to degrade 
biologically into simpler end products.  
 
In addition, copper, cobalt and palladium are heavy metals also present in the 
wastewater discharged from semiconductor manufacturing processes. They are toxic 
contaminants and hence taking away of these metals is required. In Singapore, the 
allowable limits for metal ions discharge into the sewer and watercourse and 
controlled watercourse are 1 and 0.5 ppm, respectively. Specifically, copper ions 
discharge into the sewer and watercourse should not exceed 5ppm (MOE, 2001). At 
present the conventional treatment processes to remove heavy metals from industrial 
waste stream are adsorption, ion exchange, electrowinning, precipitation, membrane 
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processes and evaporation. However most of these technologies have their own 
limitations. For example, precipitation creates a significant amount of hazardous 
sludge which is required a further treatment. Of many technologies, electrolytic 
recovery is able to recover a metal to its elemental form. 
 
In this study, simultaneous treatment of organic compounds and toxic metals is 
investigated. This study is directed toward evaluating treatment technologies for 
wastewater contaminated with several organic-base solvents commonly used in the 
advanced semiconductor fabrication process. The selected organic chemicals include 
the major elements of the following fabrication chemicals: ethyl lactate (EL), and 
phenol (PHL). These organic compounds are vastly different in their chemical 
structures, and are very popular pollutants in the waste stream from semiconductor 
manufacturing facility. Copper is a very important heavy metal and is present in the 
wastewater discharged from semiconductor manufacturing processes. 
 
1.2 Objectives 
The objectives of this research are to use a simple, batch scale photocatalysis reactor 
to evaluate treatment technologies for wastewater contaminated with two organic-
base solvents (ethyl lactate and phenol) and copper. 
 
The most important objectives for the study are as followed: 
• Investigate the possibility and feasibility of using heterogeneous 
photocatalysis for simultaneous removal of ethyl lactate, phenol and copper. 
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• Evaluate the mechanisms for the removal of organic compounds 
• Optimize photocatalysis reactor  
• Assess the possibility of the recovery of copper ions 
 
1.3 Organization of the thesis 
This thesis is divided into five chapters. Chapter 1 is an introduction to the motivation 
and objectives of the project, followed by a description of the scope of the thesis. 
Chapter 2 is a literature review of the photooxidation process in wastewater treatment. 
In Chapter 3, the materials and analysis methods used in this study are described. The 
experimental results and discussions are demonstrated in Chapter 4. Finally, a 






















2.1 Background of Wafer Fabrication Processes  
 
There are a number of distinct unit processes within the semiconductor manufacturing 
process in the production of integrated circuits (IC). These processes can be broadly 
classified into wafer preparation, wafer fabrication and the wafer assembly. The basic 
processes in wafer fabrication include a sequence of photolithography, doping, thin-
film deposition, advanced dry etch processes, metallization, post-cleaning and 
chemical-mechanical planarization/polishing. Figure 2.1 shows a simplified flow 
diagram depicting a sequence of a typical wafer fabrication process (Den and Ko, 
2001). Depending on the type and complexity of the IC design, the actual sequence of 
the unit processes might vary from plant to plant. However the ultimate goal is the 
same which is still to define the pattern of IC in microscopic scales. 
 
Photolithography is a process that forms surface patterns on the wafer. The actual 
number of photolithography steps to be repeated depends on the complexity of the IC 
design. For example, production of 64M Dynamic Random Access Memory (DRAM) 
typically requires a minimum of 30 photolithographic cycles for an individual wafer. 
During the process of photolithography, a viscous, organic-base and light sensitive 
material called photoresist is applied to the wafer surface. The photoresist used in 
wafer fabrication process involves a mix-and match of commercialized I-LINE and 
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KrF solutions that are mainly composed of ethyl lactate, propylene glycol methyl 
ether acetate and some phenol additives (Thompson et al., 1994). This is then followed 
















Figure 2.1: Flow diagram for a typical sequence of wafer fabrication process  
*  points of organic compoundss applied, (Den and Ko, 2001) 
 
Ethyl lactate and phenol are two most important organic chemicals in the 
semiconductor manufacturing process and found to be present in the wastewater from 
Input wafer









Wafer cleaning (post treatment) *
Output wafer
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the facilities. Table 2.1 summarizes the important chemical and characteristics of the 
selected organic chemicals. 
 




















liquid, mild odor, 
soluble in water, 
methanol, and 
dichloromethane, 
boiling point 154 






94.1 Additive component 
Colorless, 
crystalline solid 
that melts at about 
41°C, boils at 
182°C, and is 
soluble in ethanol 
and ether and 
somewhat soluble 
in water. 
*  Fluka laboratory chemicals and analytical reagents 2002/2003 
 
 
2.2 Physical properties of UV light 
UV light is part of electromagnetic radiation. The relationship between frequency, 
wavelength, and light speed can be expressed as: 
 
λ×= vC  (2-1) 
   
where 
 v = frequency, Hz 
 λ = wavelength, m 
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 c = light speed, 3.0×1010 cm/s 
 
The photon energy E is given as: 
 
λ×=×= /ChvhE   (2-2) 
     
where  
 λ = wavelength, m 
 h = Planck’s constant, 6.626176 × 10-34 J·s 
 E = photon energy, J 
 
Eq. (2-2) can be simplified to  
 
E = 1.9865× 10-15/λ (2-3) 
                  
As one can see from the above equation, the photon energy is higher as the 
wavelength is decreased. In the electromagnetic spectrum, UV lies between the 
visible light and the X-rays with the wavelength range from 100 to 400 nm as shown 
in Figure 2.1 (EPA-815-R-99-014) This can be subdivided into vacuum UV (100 ~ 
200 nm); UV-C (200 ~ 280 nm); UV-B (280 ~ 315 nm) and UV-A (315 ~ 400 nm).  
 9
 
Figure 2.2 Electromagnetic Spectrum 
 
Emission of UV light is a generally regarded as physical process. UV light is 
generated when the atoms return from a high energy state to a lower energy state. The 
energy change in this process is described by  
 
E1 - E0 = hv  (2-4) 
 
where 
        E1 = higher energy status, J 
        E0 = lower energy status, J 
 
According to the Stefan-Boltzman law, total radiation power (P) depends on the 
temperature of radiation source matter: (Wang, 2004) 
 
P = s × T4  (2-5) 
 10
                        
 
where 
   T = temperature, K 
   P = total energy emitted by source matter, W⋅cm-2 
   S = Stefan-Boltzmann constant, 5.6703×10-12 W⋅cm-2⋅K-4 
 
2.3 Advanced oxidation process 
An advanced oxidation process (AOP) is chemical oxidation technology that relys on 
the formation of chemically powerful free radicals, such as the hydroxyl radical (OH·) 
to oxidize organic and/or inorganic contaminants (Halmann, 1996). AOP for 
wastewater treatment include reactions with H2O2, with or without ultraviolet (UV) 
irradiation, Ozonation, and O3/UV treatment (Langlais et al., 1991) 
 
The H2O2/UV, O3/UV and H2O2/O3/UV processes uses UV photolysis of H2O2 and/or 
O3 in order to generate OH· radicals. The vacuum-UV (VUV) photolysis uses high 
energy radiation interacting with the water to generate primarily OH· and H· radical. 
In the heterogeneous photocatalysis (TiO2/UV) process employed in this research 
project, the semiconductor TiO2 absorbs UV light and generates OH· radicals mainly 
from adsorbed H2O and hydroxide ions (Legrini et al., 1993). 
 
The hydroxyl radicals are highly reactive transient oxidants with an unpaired electron. 
The hydroxyl radicals are the primary oxidizing species due to their highly 
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electrophilic character. It is capable of rapidly oxidizing most organic contaminants. 
The oxidation potentials for common oxidants are listed in Table 2.2. In the table, 
hydroxyl radical is the 2nd most powerful oxidizing species after fluorine. 
 
Table 2.2 Oxidation Potentials of Some Oxidants* 















* Legrini et al., 1993 
 
Hence, the generation of hydroxyl radicals is important for the oxidation of organic 
molecules. Several possible mechanisms for the hydroxyl radical reactions in the 
presence of an organic compound have been proposed (Legrini et al., 1993; Ray et al., 
2000): 
 
Hydrogen abstraction:  OH·  +  RH   =>  R·  +  H2O (2-6) 
Electrophilic addition:  OH·  +  PhX =>  HOPhX· (2-7) 
   Electron transfer:       OH·  +  RX   =>  RX·+  +  HO- (2-8) 
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Hydrogen abstraction is the most common mechanism that generates organic radicals 
(R·). From Equation (2-9), organic peroxyl radical (RO2·) is formed with the addition 
of molecular oxygen, which in turn initiate thermal (chain) reactions of oxidative 
degradation, finally leading to CO2, H2O and mineral acid: 
R· +   O2  =>  RO2· =>=>  CO2  +  H2O  +  Mineral Acid (2-9) 
                          
Based on hydroxyl radical attack of organic compound in photocatalytic degradation, 
organic radical is formed as Equation (2-10). 
       OH·  +  R1  =>  R2· (2-10) 
 
Turchi and Ollis suggested four possible general mechanisms for the 
photodegradation of organic molecules in illuminated aqueous TiO2 slurries, 
assuming that OH· are the primary oxidants. The following reactions might occur 
(Turchi and Ollis, 1990; Halmann, 1996): 
• An adsorbed OH· radical reacts with an adsorbed organic species (R1) on  the 
TiO2 surface  
• A non-bound (free in solution) OH· radical reacts with an adsorbed  organic 
species  
• A free organic species reacts with an adsorbed radical  
• A free OH· radical reacting with a free organic molecule in solution.  
Results have indicated that the main reaction of the photocatalytic degradation 
process takes place on the surface of the catalyst. 
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The development of heterogeneous photocatalysis (TiO2/UV) process in order to 
achieve complete mineralization of organic compounds to CO2 and mineral acids has 
been widely tested for a large variety of chemicals (Legrini et al., 1993, Serpone, 
1994). Heterogeneous photocatalysis (TiO2/UV) process has received considerable 
attention in the last 20 years as an alternative for treating water polluted with toxic 
organic compounds and some metal ions. Photocatalysis is more appealing than some 
conventional chemical oxidation methods in that semiconductors are inexpensive, 
nontoxic, stable and recyclable. They  are able to  mineralize various refractory 
organic compounds. Semiconductors are also capable of extended use without 
substantial loss of photocatalytic activity. Semiconductor particles recovered by 
filtration or centrifugation retain much of their native activity after repeated catalytic 
cycles. Photocatalytic processes can be performed at low or ambient temperatures 
(Ku et al., 1996; Fox and Dulay, 1993; Halmann, 1996).  
 
2.4 Basic principles of the TiO2/UV process 
 
Photocatalytic oxidation occurs on illuminated the surface of semiconductor particles. 
The method involves using a photocatalyst (semiconductors) and activating the 
photocatalyst using a certain wavelength of UV light. Although there is a variety of 
semiconducting materials which are commercially available and investigated in 
literature as photocatalysts, only a few of them were suitable for a wide range of 
inorganic and organic compounds. Of all the different photocatalyst successfully 
tested in laboratory studies (like ZnO, CdS), TiO2 is the most extensively used 
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because of its stability and its ability to efficiently catalyze reactions for a wide range 
of organic and inorganic compounds. This is in spite of the poor overlap of its 
excitation spectrum and the solar spectrum (Wang et al., 1992). TiO2 has a bandgap 
energy of 3.2 eV and when this material is irradiated with photons with sufficient 
energy, the band gap energy is exceeded and an electron is promoted from the 
valence band to the conduction band. For photons to possess the sufficient energy, 
according to Albert Einstein’s equation, 
   Ephoton   = hv   = hc/λ                                                    (2-11) 
Where 
 h:  Planck’s constant = 6.626 × 10-34 J·s v: frequency 
 c:  Speed of light = 2.9979 × 108 m/s  λ: wavelength 
   Ephoton(J)     =   1.986 × 10-16/λ(nm) 
                  =>         λ(nm)     =   1240/EeV 
To exceed the band gap energy of 3.2eV, (EeV > 3.2eV) 
             λ       <   387.5 nm    
According to Legrini et al., 1993, the light source for TiO2 must have a wavelength λ 
≤ 388nm for activation. Therefore, TiO2 is operational in the UV-A (320-380nm), 
UV-B (280-320nm) and UV-C (200-280nm) spectral domains.  
            
With an electron being promoted to the conduction band, the conduction band is only 
partially filled, and thus the electron (e-) remains free to move through the 
semiconductor lattice. The resulting vacancy or hole (h+) in the now partially filled 
valence band is also free to move. The mechanism of photocatalysis is still not very 
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clear. The most widely postulated reactions are as follows (Legrini et al., 1993; Chen 
and Ray, 2001): 
 
• Electron-hole pair generation when band gap energy is exceeded (hv > Eg) 
TiO2     =>     h+   +   e- (2-12)  
  
• Possible traps for h+  
(a) Surface-adsorbed hydroxyl ions forming hydroxyl radical, 
OH-  +   h+ => OH· (2-13) 
         
The OH. radical formed goes on to react with the organics (if present). OH· radicals 
are the primary oxidation species to initiate the degradation reaction in the 
photocatalysis of various organic substrates. 
 
Hydroxyl radicals commonly attack organic molecules by abstracting a hydrogen 
atom from the molecule. One pathway proposed for the degradation of organic by 
hydroxyl radical as mentioned above. 
 
For example: the degradation of MTBE by hydroxyl radical is shown below: 
(CH3)3COCH3 + OH· => H2O + (CH3)3COCH2· (2-14) 
(CH3)3COCH2· + O2 => (CH3)3COCH2OO· (2-15) 
(CH3)3COCH2OO· + (CH3)3COCH3 => (CH3)3COCH2OOH + 
(CH3)3COCH2· 
(2-16) 
(CH3)3COCH2OOH => (CH3)3COCHO + H2O (2-17) 
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(CH3)3COCHO + H2O => (CH3)3COH + HCOOH (2-18) 
HCOOH + ½ O2 => CO2 +H2O (2-19) 
 
(b) If no organics are present, water will be oxidized according to the  
     following equation, 
2H2O   +   4h+  =>   O2   +   4H+ (2-20) 
       
 (c) The tapped holes can also react with absorbed organic substrates RX·: 
RX·   +     h+   =>   RX·+  (2-21) 
         
However Eq (2-21) is not so important and not so likely in oxidative processes due to 
the high concentration of the absorbed H2O and OH- on the catalyst particle surface. 
Therefore the direct reaction between the organics and the valence band holes (Eq 2-
20) is not significant (Legrini et al., 1993; Ray et al., 2000). 
  
• Possible traps for e- 
(a) Reduction of the metal ions present in the solution, 
Mn+  +   e- => M(n-1)+  (2-22) 
                             or      Mn+  +  me-      =>       M(n-m)+ (2-23) 
                   
(b) Reduction of oxygen to form the super-oxide anion. Oxygen reacts with 
photo-generated electron at the surface of the semiconductor through the 
following equations (Kraeutler and Bard, 1978): 
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  O2·    +    e-    =>    O2·-  (super oxidation)  (2-24) 
H+   +   O2·- => HO2· (2-25) 
HO2·  +  HO2·  => H2O2   +   O2 (2-26) 
O2·-   +   HO2· => HO2-  +   O2 (2-27) 
HO2- +   H+ =>  H2O2 (2-28) 
H2O2   =>    H2 +   O2 (2-29) 
H2O2 +   HO2·  =>   OH·  +  H2O2  +  O2 (2-30) 
      
Formation of these species has been experimentally reported to be verified by 
electron spin resonance measurements. 
 
• Recombination of electrons and holes with the dissipation of adsorbed energy 
in the form of heat,  
e-  +   h+    =>   energy (2-31) 
          
The recombination reaction of electrons and holes, Eq (31), is one of the main causes 
for the low quantum efficiencies of photocatalytic processes.  It was found that when 
there is an excess of electrons accumulating on the TiO2 particles (for example, when 
O2 is not reduced at a sufficiently high rate), the rate of this electron-hole 
recombination would increase (Wang et al., 1992). Hence to reduce this 
recombination, the mobile species must be separated, and subsequently, trapped by 
surface adsorbates or other sites. 
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The oxidation and reduction must occur simultaneously to continue the process 
activity. Hence, using heterogeneous photocatalysis process, the simultaneous 
reduction of the organic compounds and removal/recovery of the metal ions in the 
discharged wastewater from the semiconductor industry is theoretically possible. 
 
2.5 Kinetic models 
In heterogeneous media, the dependence of the rate of oxidation on the concentration 
of the substrates (organic) is often found to follow the Langmuir-Hinshelwood 
equation, with the initial rate Ro being (Legrini et al., 1993; Halmann, 1996): 






+   
(2-32) 
                                                   
Where 
(S): initial concentration of the substrate (organic)    K: Langmuir adsorption constant 
 k:   a constant that measures the reactivity of the surface of the catalyst with the 
substrate 
Hence, 
 when (S)<<1, 
  Ro   ≈   kK(S),           kK being the observed first-order rate constant 
And, 
 when (S)>>1 (high substrate constant at which most of the available surface sites are 
saturated with solutes), 
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   Ro  ≈    k                  zero order    
 
 2.6 Effects of temperature 
As mention in Section 2.2, one advantage of photocatalytic processes is that they may 
be performed at low or ambient temperatures. Excitation and activation through 
irradiation is done at ambient temperature. The true activation energy is very small or 
even zero as the band gap energy to be exceeded is too high to be overcome by 
thermal activation. Hence the influence of temperature should be quite weak. 
Therefore all the experiments in this project were carried out at ambient temperatures 
with no heating involved. 
 
2.7 Effects of initial solution pH  
Solution pH affects the surface charge on the solid catalyst particles, the size of the 
aggregate formation, the band-gap energies of the conductance and valence bands and 
the adsorption properties of organic compounds (Ku et al., 1996; Fox and Dulay, 
1993). Ray et al (2000) also reported that the influence of pH on the photocatalytic 
degradation rate is diversified with no general conclusions being obtained in 
literatures. Hence for the interest of this research, an experiment is carried out to find 
the optimal initial solution pH and to investigate the effect of the initial solution pH 
on the reduction of organic compoundss content as the result of this experiment 




2.8 Photocatalytic recovery of metals 
Many studies have been carried out to examine and explore photocatalytic oxidation 
in treating water polluted with hazardous organic chemicals. However, lesser 
attention has been paid to the photocatalytic reduction of metals and its application to 
decontamination and recovery of metals in water. Due to the dwindling resources of 
valuable metals, it is becoming more economical to recover rather than remove heavy 
metals from wastewater, so as to allow reusability of these metals.  
 
As shown in Equations (2-22) and (2-23), in addition to oxygen, metal ions can also 
consume electrons and complete the redox cycle. For such a reaction to take place, 
the dissolved metal ions must have a reduction potential more positive than the 
conduction band of the photocatalyst. The reduced form of the metal would then 
deposit on the catalyst surface. The photoreduction of Cu2+, which is being studied in 
this research project, is thermodynamically feasible at different pH. It should be noted 
that the reduction potential of a redox couple is also concentration dependent.  
 
2.9 Effects of the electron donor on photocatalytic reductions 
The rate of photocatalytic reduction was reported to be dependent on the reductant 
that is used. As mentioned in Section 2.4, in a system without organic species or other 
reductants, the metal ion reduction is the electrochemical oxidation of water through 
Equation (2-8). It is reported that this is a kinetically slow four-electron process, and 
the competing recombination of the photogenerated holes and electrons through 
reaction (18) plays an active inhibiting role for such a process. Hence, the addition of 
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hole acceptors (scavengers) such as suitable organic substrates may accelerate the 
photocatalytic reduction of metal ions. A well-known hole scavenger commonly 
added in reactions to enhance reduction would be methanol (Serpone, 1994).  The 
accelerating effect results in the photocatalytic reduction on TiO2 in metal-TiO2-
organic systems being more efficient than a metal-TiO2 system. Chen and Ray (2001) 
studied the effects of 4 reductants (4-nitophenol, methanol, salicyclic acid and EDTA) 
on the photocatalytic reduction of Hg(II) and found that the presence of all 4 organic 
species accelerated the photocatalytic reduction of Hg(II).  
 
There are two different electron donating processes, direct and indirect. In the direct 
donation of electron, electrons from organics are directly filled to the valence band, 
leaving more conduction band electrons available for reduction of metal ions. This 
consequentially slows the undesirable electron-hole recombination reaction. Whereas 
in the indirect donation of electron, holes are filled only through the formation of 
hydroxyl radicals, and these radicals are then consumed by the oxidation of the 
organics present. Hence the indirect electron donating process has a less enhancing 
effect on the reduction of metal ions compared to the direct process because the 
organics only affect the reduction process indirectly. Chen and Ray (2001) also found 
that the enhancement is dependent on the concentration of the organic that was 





2.10 Role of oxygen 
Since hole transfer to adsorbed organic molecules or to water is very fast, the two-
electron transfer to O2 may become rate-limiting. In n-type semiconductors, the more 
reactive species are the holes, which carry the major part of the energy of the light 
quantum. Either the holes may react by recombination with electrons, or they may 
react with organic molecules, as well as with surface-adsorbed OH- anions, forming 
hydroxyl radicals, and electrons usually react more slowly than holes (Gerischer and 
Heller, 1991). 
 
Since holes at the particle interface usually react faster than electrons, the particles 
under illumination contain an excess of electrons. Removal of this excess of electrons 
is necessary to complete the oxidation reaction, by preventing the recombination of 
electrons with holes. The most easily available and economic electron acceptor is 
molecular oxygen. Thus in the presence of air or oxygen, the predominant reaction of 
electrons is that with O2 as electron acceptor. 
 
2.11 TiO2 as a stationary phase  
For heterogeneous photocatalysis, either the photocatalyst may be dispersed in 
suspension, or it may be coated on the inside walls of the reactant chamber. The 
former method poses the problem of difficult recovery of the photocatalyst. The 
added photocatalyst, being quite small, requires ultracentrifugation or microfiltration 
techniques for its separation from the treated liquid. The difficulty in the recovery of 
the photocatalyst can be overcome by the use of the latter method, or through the 
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immobilization of the catalyst using supports in fluidized-bed reactors. Silica gel, 
cellulose membranes, polyester membranes, porous alumina-silica ceramic, optical 
fibers and aerogels are all possible supports on which the TiO2 can be immobilized. 
However, the immobilization of catalyst generates another problem. The overall rate 
may be limited to the mass transportation of the pollutant to the catalyst surface, as 
the reaction occurs at the solid-liquid interface. Besides, the oxidation rates were 
usually lower with the immobilized catalysts than with the free suspensions (Halmann, 
1996). Therefore a batch reactor with an aqueous suspension of TiO2 in a stationary 
control volume was used for this research project. 
 
2.12 Model of metal ion adsorption on TiO2 particles 
The surface Complexation Model (SCM) model is based on the concept of surface 
charge, which is caused by ionization of the surface groups of adsorption of charge-
generating ions, such as H+ or OH-. In 1-pK model, charging mechanism is assumed 
to be the adsorption of protons only, while both adsorption and desorption of proton 
are considered in 2-pK model. Charged surface sites are capable of reacting with 
sorbing cationic or anionic species to form surface complexes. According to the SCM, 
metal ion adsorption involved three separate steps: surface ionization, complexation 
between ionized sites and ionic species, and the establishment of an electrical double 
layer (EDL) next to the adsorbent surface. SCM is actually a series of equations 
whose form depends on the charging mechanism and the structure of EDL (Yiacoumi 
and Tien, 1995). 
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The most general model in SCM equation system is the triple layer surface 
complexation model (TLM). The triple layers are referred to three parts of the 
electrical double layer, which consists of surface plane (o-plane), the outer Helmhlotz 
plane (d-plane) where diffusive double layer starts, and the inner Helmholtz plane (β-
plane), the center of ions that from complexes with surface groups. The structure of 
EDL in TLM is illustrated in Figure 2.3. 
 
The two-pK triple-player model is illustrated schematically in Figure 2.3. Where 
SOH, SO- and SOH2+ represent three types of surface species caused by surface 
ionization reactions. Removal may result in the following three ways: (1) the 
adsorption of free metal ion (Mm+) (2) the adsorption of metal ion hydroxide 
(M(OH)l(m-l)+) (3) combination of (1) and (2). 
 
SCM models are widely used in the description of the equilibrium especially in the 
complicated aqueous system, because it reflects equilibrium as a function of pH, ionic 
strength and solute concentration. Another advantage of SCM is that it provides 







Figure 2.3 Schematic illustration of two-pK triple-layer surface 




 MATERIAL AND METHODOLOGY 
 
3.1 Materials 
The titanium dioxide (TiO2), with the purity of 99%, (Merck KGaA, Darmstadt, 
Germany) was used in this study. Ethyl lactate, phenol, copper sulphate, sodium 
hydroxide, and hydrochloric acid were obtained from Merck (USA). All chemicals 
used are of  reagent grade.  
 
Water from an Millipore Direct-Q water purification system was used in the 
preparation of all the synthetic solutions. For the encapsulation process, alginic acid 
sodium salt from brown algae (Fluka) and calcium chloride (Merck) were selected for 
the matrix in this study. 
 
3.2 Methodology 
3.2.1 Photocatalysis reactor 












Figure 3.1 Schematic of photoreactor used in this study 
 
The photoreactor is a vessel made of Pyrex glass. This vessel is thermostated at 
25oC by a water jacket. The oxygen, air or nitrogen gas was bubbled at a rate 
300ml/min through a gas tube located in the reactor. The solution volume is 450 
ml. A magnetic bar ensures the TiO2 particles mixed with the solution completely. 
A 30 W low pressure mercury lamp with a wavelength of 254nm and a intensity of 
18.0mW/cm2 ( Aquafine Corporation, U.S.A.) was used.  
 
All suspensions of TiO2 in this research project were stirred with a magnetic bar in 
a reservoir under dark conditions for approximately 20 minutes before 
illumination for adsorption to take place. In the adsorption study, the 
concentrations of organic compounds were found to be nearly stable. In order to 
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get a stable wavelength, the UV lamp was warmed up for about 10 minutes before 
experiments.  
 
3.2.2 Encapsulation equipment 
A schematic of the equipment layout of the microencapsulating process is shown 
in Figure 3.2. An electronic syringe pump (KD Scientific 230 Syringe Pump) was 
used in this study to produce a quantifiable and relatively steady volumetric flow rate. 
A custom-made syringe rotator was driven by a stepping motor to actively rotate the 
syringe clockwise and the counter-clockwise, ensuring suspensions or cell mixtures 
were homogeneously distributed throughout the experiment. A voltage generator 






















3.2.3 Experimental procedure 
In order to investigate the adsorption of phenol and ethyl lactate onto TiO2 
particles, studies of organic compounds adsorption onto TiO2 (1g/L) were carried out 
in the pH range from 4 to 10. Three different kinds of pH were chose (4.0, 7.0 and 
10.0). The concentrations of phenol and ethyl lactate are all 1mM. During the 4 hours 
reaction time, 5mL sample was drawn in every 20minutes for analysis.  
 
In slurry photocatalytic processes, catalyst dosage is an important parameter that has 
been extensively studied. Photocatalytic degradation of 1mM ethyl lactate and 1mM 
phenol solutions was carried out with TiO2 catalyst loading of 0.05g/L – 1.00g/L 
under UV-irradiation. The UV exposure time is 120 minutes, and oxygen flow rate is 
300mL/min. The original pH is 5.0. 
 
The initial pH of the suspension strongly affects both the surface charge properties of 
TiO2 and the dissociation of phenol and ethyl lactate. Four types of initial solution 
pH (3.0, 6.0, 8.0, and 10.0) were carried out under same TiO2 loading to find the 
initial pH effect. The TiO2 loading is 0.25g/L, and UV exposure time is 120 
minutes. The original phenol and ethyl lactate concentrations are all 1mM and 
oxygen flow rate is 300mL/min. 
 
Oxygen is a very important component in the photocatalytic reaction process. In 
order to test the effect of oxygen in the photooxidation process, the experiments 
were conducted under three respective conditions: oxygen, nitrogen and air. The 
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TiO2 loading is 0.25g/L, and UV exposure time is 120 minutes. The original 
phenol and ethyl lactate concentrations are all 1mM and pH is 5.0. 
 
Titanium dioxide is known to exist in three possible crystalline forms, Anatase, 
Brookite and Rutile. Dessuga P25 TiO2 is a very popular TiO2 used by most 
researchers. In this study, two different TiO2 (Merck and Dessuga) were compared 
in their surface areas and removal efficiency of phenol and ethyl lactate. The TiO2 
loading is 0.1g/L, and UV exposure time is 120 minutes. The original phenol and 
ethyl lactate concentrations are all 1mM and pH is 5.0. 
 
Copper ions are very important component in the wastewater discharged from 
semiconductor industry. In this experiment, 1mM of copper nitrate was added to 
simulate the wastewater. Experiments were conducted with the same pH (5.0) and 
TiO2 dosage (1.0g/L). Aerobic and anaerobic conditions were applied to 
determine the mechanisms of copper ions recovery, and removal of organic 
compounds.  
 
Additional 3 runs (1mM, 2mM, and 5mM Cu(II)) were conducted under aerobic 
conditions to observe the effect of Cu(II) concentration on the reduction of the 
organic compounds concentration of the synthetic wastewater.  
 
Titanium (IV) dioxide is insoluble in water. The TiO2 particles form a fine suspension 
when mixed with water. In the attempt to encapsulate TiO2 to enhance the separation 
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after the photo catalytic reaction, TiO2 is mixed into sodium alginate solution and 
stirred well for a homogeneously distributed suspension. 
 
In this encapsulation of TiO2 process, seven parameters are controlled as tabulated 
in Table 3.1 
Table 3.1 List of control parameters in encapsulation of TiO2 process 
Control Parameters Set Values Units 
Syringe Pump Volumetric Flow rate 2 ml/h 
Needle Size 0.50×16 mm 
Plate Distance 3 cm 
Voltage Applied 5 kV 
Sodium Alginate Concentration 1 v% 
Calcium Chloride Concentration. 5 v% 




Concentration of phenol was measured by High Performance Liquid Chromatography 
(HPLC) (Shimadzu, Japan), and an ZORBAX SB-C18 LC column (4.6 mm × 25cm, 
HP, U.S.A) was employed for compound separation. Concentration of ethyl lactate 
was measured by Gas Chromatography (GC) (Shimadzu, Japan), and a 60-m HP-Voc 
capillary column (i.d of 0.32mm; film thickness of 1.8 µ m; HP, U.S.A.) was 
employed for compound separation. Concentration of metal copper ions was 
measured by Inductively Couple Plasma Emission Spectroscopy (ICP) (Perkin Elmer 
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Optima 3000, USA). All samples were filtered using Whatman Autovial Syringeless 
0.45 PTFE filter (Clifton, NJ). 
 
An Orion model 525A pH meter (Boston, MA) measured the solution pH. A Jenco 
model 3676 ¼ Din pH/ORP controller (USA) measured the solution ORP. An Oakton 
Conductivity meter (Eutech, Singapore) measured the solution Conductivity. 
Turbidity was measured by HACH DR/2010 Spectrophotometer (USA). TOC 
concentrations were determined by a Shimadzu TOC-5000 Total Organic Carbon 
analyzer. Particle size was determined by a Coulter LS Particle Size Analyzer.  
 
The surfaces morphology of the precipitation solid was visualized by the scanning 
electronic microscopy (SEM) (JEOL, JSM-5600V, Japan). X-ray photoelectron 
spectroscopy (Krotos Axis His, Perkin-Elmer Corporation, USA) was applied to 
determine the surface complex of the precipitation copper green solids and brown 
solids. The XPS spectra was obtained by applying the energy source of 
monochromatic Mg Kα radiation (1253.6 eV), which was operated at 15kv and 10mA. 
The element Cu was scanned over the energy of 928-960 eV. The spectra were 
decoded by the curve-fitting program with the subtraction of Shirley background and 
the ratio of Gaussian (0)- Lorentzian (100%). For calibration purpose, the binding 
energy of the spectra was performed with the C 1s peak of the aliphatic contaminant 





CHAPTER 4  
RESULTS AND DISCUSSION 
 
4.1 Adsorption of organic solvents on TiO2 suspensions 
The adsorption of organic solvents onto TiO2 plays an important role during the 
photocatalytic reaction. The TiO2 from Merck used for this research was in a form of 
a white powder with a BET surface area of 7.83 m2/g. In order to examine the 
possibility of organic solvents removed by adsorption on TiO2 suspensions, studies of 
organic solvents adsorption onto TiO2 were carried out in the pH range from 4 to 10. 
Figures 4.1 and 4.2 demonstrate the concentration of Phenol and Ethyl lactate in 
solution versus time under three different pH (4.0, 7.0 and 10.0) with 1g/l TiO2 
loading. Two figures show that the adsorption amounts of the two organic solvents 
onto TiO2 are insignificant; hence the removal of organic solvents due to adsorption 
onto TiO2 is negligible. It is therefore reasonable to assume the photo-oxidation 














Figure 4.1 The adsorption of phenol onto TiO2 suspensions 
(Experimental conditions: Initial conc. [Phenol]0=1mM;  [Ethyl lactate]0=1mM; TiO2 














Figure 4.2 The adsorption of ethyl lactate (EL) onto TiO2 suspensions 
(Experimental conditions: Initial conc. [Phenol]0=1mM;  [Ethyl lactate]0=1mM; TiO2 




Turbidity is a measurement which indicates how cloudy or muddy the water is or, by 
quantifying the degree to which light traveling through a water column is scattered by 
the suspended particles. When TiO2 particles were added into the solution, the 
cloudiness of solution would be changed. Turbidity measures the scattering effect that 



















Figure 4.3 The turbidity in solution with changing TiO2 dosage 
 
Figure 4.3 shows that the turbidity in TiO2 suspension has a linear relationship with 
the TiO2 loading. With an increasing in TiO2 dosage, the turbidity increases, which 
leads to a negative impact on UV oxidation in the solution. Turbid waters decrease 
light penetration into the water, thereby lowering photooxidation activity within the 
whole solution and reducing the TiO2 particles available for receiving the UV 
illumination.  
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4.3 Effects of the TiO2 loading 
In slurry photocatalytic processes, catalyst dosage is an important parameter that has 
been extensively studied. Photocatalytic degradation of 1mM ethyl lactate and phenol 
solutions was carried out with TiO2 catalyst loading of 0.05g/L – 1.00g/L under UV-
irradiation. The degradation of phenol and ethyl lactate versus TiO2 dosage is shown 
in Figure 4.4. The optimal TiO2 dosage was 0.1 g/L under the experimental 
conditions of this study. When the TiO2 loading exceed the optimal dosage, the 
presence of excess photocatalyst in the aqueous will increase the turbidity in the 
solution which caused a shielding effect on the penetration of UV light. The cause of 
the retardation effect for dosages beyond the optimum is due to the decrease of UV 
light penetration (Ku et al., 1996; Chen and Chou, 1993). Without enough light 
penetration in the solution,  the OH. radical concentration in the aqueous is limited. 
When the TiO2 dosage below the optimal loading, at lower catalyst loadings much of 
the light was transmitted through the slurry in the reactor. The cause of the retardation 
effect for TiO2 dosages below the optimum is due to the limited TiO2 particles surface 
area. Without enough TiO2 particle surface area, it decreased the OH· radical 
















Figure 4.4. Effect of TiO2 dosages on the photooxidation phenol and EL  
(Experimental conditions: UV exposure time=120min; Initial conc. [Phenol]0=1mM;  

























Figure 4.5 Phenol concentration in solution vs. time under different TiO2 loading 
(Experimental conditions: UV exposure time=120min; Initial conc. [Phenol]0=1mM;  
[Ethyl lactate]0=1mM; O2 flowrate=300ml/min; pH = 5.0 [Cu2+] =0) 
 



























Figure 4.6 Ethyl lactate (EL) concentration in solution vs. time under different  
TiO2 loading (Experimental conditions: UV exposure time=120min; Initial conc. 





























Figure 4.7 Intermediate detected during the degradation of 1mM phenol solution 
under different TiO2 loading (Experimental conditions: UV exposure time=120min; 
Initial conc. [Phenol]0=1mM;  [Ethyl lactate]0=1mM; O2 flowrate=300ml/min; pH = 
5.0 [Cu2+] =0) 
 
 









The courses of degradation of phenol, ethyl lactate and production of the reaction 
intermediate hydroquinone versus time at different values of the TiO2 loading are 
shown in Figures 4.5, 4.6 and 4.7 respectively. The rate of consumption of phenol and 
ethyl lactate was pseudo-first order. The values for the rates of phenol and ethyl 
lactate disappearance are listed in Table 4.1. The maximum intermediate 
concentrations for the photocatalytic degradation of 1mM phenol are listed in Table 
4.2.  
 
TABLE 4.1 The effect of TiO2 loading on phenol and ethyl lactate (EL)  













First-order rate  
constant of EL 
reaction 
k’(min-1) r2 
0.1 0.0209 0.9795 0.0091 0.9989 
0.25 0.0203 0.9967 0.0062 0.9921 
0.5 0.0196 0.9985 0.0054 0.9957 
1.0 0.0194 0.9981 0.0032 0.9989 
 
 
TABLE 4.2 Maximum intermediate concentrations for the photocatalytic  
degradation of 1mM phenol using a 30W Hg lamp 
 
TiO2 concentration 







As shown in Figures 4.5 and 4.6, decreased TiO2 loading decreases the concentration 
of the phenol and ethyl lactate. After 2 hours reaction, lower TiO2 loading (0.1g/L) 
had the lowest concentration of phenol and ethyl lactate in solution. As shown in 
Figure 4.7, the concentration of hydroquinone intermediate during photocatalytic 
degradation of phenol varied depending on the amount of TiO2 added to the system. 
The concentration of hydroquinone relative to the initial phenol concentration 
decreased considerably with increased TiO2 loading during phocatalytic degradation 
of phenol in TiO2 slurries. The decrease in intermediate (hydroquinone) concentration 
with increased TiO2 loading suggests that surface reactions on TiO2 particles, such as 
oxidation of adsorbed intermediates, play an important role in the photo-catalytic 















Figure 4.8 pH in solution vs. time under different TiO2 loading (Experimental 
conditions: UV exposure time=120min; Initial conc. Phenol=1mM; Ethyl 
lactate=1mM; pH = 5.0; pH = 5.0; aerobic) 
 
During the process of reaction, the pH of the synthetic solution decreases, as shown in 
Figure 4.8. The decreased pH in solution is possibly due to the formation of carbon 
♦ TiO2 1g/L 
□ TiO2 0.5g/L 
∆ TiO2 0.1g/L 
× TiO2 0.25g/L 
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dioxide and unknown mineral acid through reaction as stated in Chapter 2. The initial 
pH in solution was 5.0. After 1 hour reaction, the equilibrium pH was reached about 
3.8.  
 
Oxidation-reduction potential (ORP) is an important water chemistry parameter, 
providing a measurement of the oxidizing or reducing nature of the water. As pH is a 
measurement of proton activity and is used to assign a value to the acidity or 
alkalinity of a system, ORP is the analogous measurement for electron activity and is 
useful in assigning a value to oxidizing or reducing systems. The ORP vs. time under 
different TiO2 dosage is shown in Figure 4.4. The initial ORP in solution was about 
230mv, and it reached its equilibrium (275mv) after reaction for 1 hour. This means 
the oxidation and reduction reaction became stable which result in the pH of whole 





















Figure 4.9 Oxidation reduction potential (ORP) in solution vs. time under  
different TiO2 loading (Experimental conditions: UV exposure time=120min; Initial 
conc. Phenol=1mM; Ethyl lactate=1mM; pH = 5.0; aerobic ) 
 
♦ TiO2 1g/L 
□ TiO2 0.5g/L 
∆ TiO2 0.1g/L 





















Figure 4.10 Conductivity in solution vs. time under different TiO2 loading 
(Experimental conditions: UV exposure time=120min; Initial conc. Phenol=1mM; 
Ethyl lactate=1mM; pH = 5.0; aerobic ) 
 
Conductivity is a measure of the ability of water to pass an electrical current. 
Conductivity in water is affected by the presence of inorganic dissolved solids such as 
chloride, nitrate, sulfate, and phosphate anions (ions that carry a negative charge) or 
sodium, magnesium, calcium, iron, and aluminum cations (ions that carry a positive 
charge). Organic compounds like oil, phenol, alcohol, and sugar do not conduct 
electrical current very well and therefore have a low conductivity when in water. 
Solutions of most inorganic compounds are relatively good conductors. Conversely, 
molecules of organic compounds that do not dissociate in aqueous solution conduct a 
current very poorly, if at all (APHA, 1998).  
 
♦ TiO2 1g/L 
□ TiO2 0.5g/L 
∆ TiO2 0.1g/L 
× TiO2 0.25g/L 
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As shown in Figure 4.10, with the time increased, the conductivity in the solution 
increased by one order of magnitude. In the photooxidation process, some small 
particles or inorganic compounds can be produced in the solution, which can increase 
the conductivity in the solution. Those small particles and inorganic compounds 
produced by organic compounds degradation increased by one order of magnitude, 
which can result in the conductivity increase with the same magnitude. Two blank 
experiments were carried out. The conductivities of experiment with TiO2 without 
illumination increased from 0.85 to 0.96 which are almost same after 2 hour 
experiment. The conductivities of experiment with TiO2 with 2 hour illumination 
increased from 1.08 to 2.16. Compared with the high conductivity (100µs after 2 
hour), it can be negligible.  
 
In analyzing the kinetic data of photocatalyzed oxidations, mediated by photo-
activated semiconductor particles, the data were fitted to the simple rate expression of 










+=−=  (4-1) 
 
Where 
C0: the initial concentration of phenol or ethyl lactate 
KAd: the adsorption coefficient  k: the reaction rate constant  
    









−+=  (4-2) 
The integrated form of Eq.(4-2) for a low initial concentration of phenol or ethyl 






−=−=  (4-3) 
Where  
k’: the apparent reaction rate constant  t: reaction time 
The plots of ln(C/C0) of phenol and ethyl lactate versus t gave approximately straight 
lines over the range of TiO2 loading studied up 120 minutes of the reaction time as 
shown in Figures 4.11a and 4.11b respectively. The apparent first-order rate constants 
determined as a function of TiO2 concentration and the corresponding regression 















Figure 4.11a Test of pseudo-first order kinetics according to degradation of phenol 
 at different TiO2 loading 
 
 
♦ TiO2 1g/L 
□ TiO2 0.5g/L 

















Figure 4.11b Test of pseudo-first order kinetics according to degradation of ethyl 




















Figure 4.12a Effect of TiO2 loading on k’ 
 
 
As can be discerned from Figure 4.12a, the decline of the reaction rate on the TiO2 
concentration raising can be explained by the shielding effect resulting in the decrease 
of the penetration of UV light into the suspension as mentioned before.   
♦ TiO2 1g/L 
□ TiO2 0.5g/L 




















Figure 4.12b Effect of TiO2 loading on [C6H6O2]max (Experimental conditions: UV 
exposure time=120min; Initial conc. [Phenol]0=1mM;  [Ethyl lactate]0=1mM; O2 
flowrate=300ml/min; pH = 5.0; [Cu2+] =0) 
 
As shown in Table 4.1, it is observed that maximum first-order rate of phenol 
degradation and ethyl lactate degradation (0.0209min-1 and 0.0091 min-1 respectively) 
was found to be around TiO2 concentration for 0.1 g dm-3. And from Table 4.2 and 
Figure 4.12b, we can find that the intermediate product hydroquinone (C6H6O2) has 
the highest concentration under TiO2 concentration for 0.1 g dm-3. 
 
4.4 Effects of initial solution pH 
The initial pH of the suspension strongly affects both the surface charge properties of 
TiO2 and the dissociation of phenol and ethyl lactate. The pH of the synthetic solution 
of phenol and ethyl lactate in DI water is found to be about 4.5 (before reaction). 
Figure 4.13 illustrates the change in dimensionless concentration of phenol and ethyl 
lactate versus initial pH. As can be seen in Figure 4.13, the pH has a significant effect 
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on the degradation of phenol and ethyl lactate. At lower pH, pH=2.0, the organic 
solvents removal efficiency is higher. With the pH increased, the removal efficiency 
is lower. When pH is 3.0~4.0, the degradation of phenol and ethyl lactate reached 
their best removal efficiency. When pH above 4.0, increased pH decreases the 
removal efficiency. The optimal initial pH is 3.0~4.0 under the experimental 
conditions of this study. At very low pH conditions, the TiO2 particle surfaces are 
occupied by H+, which hinder the production of OH· radicals. With the pH increasing, 
increased pH increases the OH- concentration on the TiO2 surfaces, which accelerate 
the OH· concentration in the solution. At the same time, higher pH can accelerate the 
production of phenolic oxygen ions. Increased pH increases the phenolic oxygen ions 
concentration. The phenolic oxygen ions would be adsorbed on the TiO2 surfaces, 



















Figure 4.13 Effect of initial pH on photocatalytic oxidation of phenol and EL 
(Experimental conditions: UV exposure time=120min; Initial conc. [Phenol]0=1mM;  























Figure 4.14 Phenol concentration in solution vs. time under different initial pH 
(Experimental conditions: UV exposure time=120min; Initial conc. [Phenol]0=1mM;  





















Figure 4.15 Ethyl lactate (EL) concentration in solution vs. time under different 
initial pH (Experimental conditions: UV exposure time=120min; Initial conc. 
[Phenol]0=1mM; [Ethyl lactate]0=1mM; TiO2 dosage=0.25g/L; O2 
flowrate=300ml/min; [Cu2+] =0) 
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The courses of degradation of phenol and ethyl lactate as the change in concentration 
versus time at different values of the initial pH are shown in Figures 4.14 and 4.15 
respectively. The concentration of phenol and ethyl lactate declines sharply in an 
acidic medium compared to that in an alkaline medium under the experimental 
conditions of this study. According to the zero point of charge of TiO2 , its surface is 
positively charged in acidic media and negatively charged in alkaline media as stated 
by Abdullah et al. (1990), Tanaka and Saha (1994). Since H+ concentration is high in 
the acidic medium, more OH radicals are generated in the acidic medium for the 
photocatalytic degradation of organic substances. This explanation favors an increase 
in the degradation of phenol and ethyl lactate by changing the initial pH of the 
suspension from 10 to 3. 
 
The plots of ln(C/C0) of phenol and ethyl lactate versus t gave approximately straight 
lines over the range of initial pH studied up 120 minutes of the reaction time as 
shown in Figures 4.16 and 4.17 respectively. The apparent first-order rate constants 
determined as a function of initial pH and the corresponding regression coefficients 


















Figure 4.16a Test of pseudo-first order kinetics according to degradation of phenol at 





















Figure 4.16b Test of pseudo-first order kinetics according to degradation of ethyl 









TABLE 4.3 The effect of initial pH on phenol and ethyl lactate  













First-order rate  
constant of EL 
reaction 
k’(min-1) r2 
3.0 0.0226 0.9922 0.0072 0.9998 
6.0 0.0193 0.9940 0.0058 0.9983 



















Figure 4.17 Effect of initial pH on k’ (first-order rate constant) 
 
As shown in Table 4.3, it is observed that maximum first-order rate of phenol 
degradation and ethyl lactate degradation (0.0226min-1 and 0.0072min-1 respectively) 
was found to be under initial pH for 3.0. Figure 4.17 indicates that the effect of pH on 





4.5 Effects of oxygen concentration 
Oxygen is a very important component in the photocatalytic reaction process. In the 
presence of oxygen, the photoelectrons can be very rapidly captured by molecular 
































Figure 4.18 Effect of oxygen concentration on photooxidation of phenol and EL 
(Experimental conditions: UV exposure time=120min; Initial conc. [Phenol]0=1mM;  
[Ethyl lactate]0=1mM; TiO2 dosage=0.25g/L; pH = 5.0; [Cu2+] =0) 
 
As shown in Figure 4.18, phenol and ethyl lactate have the best removal efficiency 
under pure oxygen conditions. Since the holes at the TiO2 particle interface usually 
react faster than electrons, the particles under illumination contain an excess of 
electrons. Removal of this excess of electron is necessary to complete the oxidation 
reaction, by preventing the recombination of electrons with holes. The most easily 
available and economic electron acceptor is molecular oxygen. If the supplying gas is 
oxygen, the dissolved oxygen in the solution is saturated. It means there is enough 
molecular oxygen as electron acceptor. If the supplying gas is nitrogen, the dissolved 
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oxygen concentration in the solution is zero. If the supplying gas is air, the dissolved 
oxygen concentration in the solution is limited. 
 
4.6 Effects of different brands of TiO2 
TiO2 is known to be the most suitable photocatalyst in the photodegradation of toxic 
organic molecules for its high activity, nontoxicity and chemical inertness (Hoffman 
et al., 1995). Degussa P25 TiO2 powder , which has both anatase and rutile forms 
with the ratio of anatase to rutile equal to 3-4:1, is the most used brand in 
photocatalytic experiment due to its high efficiency (Legrini et al.,1993). All the TiO2 
particles used in this research project are from Merck. There is a possibility of an 
improvement in the efficiency in the removal of the organic solvents of this research 
project with the usage of Degussa P25 TiO2 powder.  
 
Titanium dioxide is known to exist in three possible crystalline forms, Anatase, 
Brookite and Rutile. Fox and Dulay (1993) reported that the anatase morphological 
form possesses have higher activity than that of the rutile. However, Ku et al.(1996) 
reported in their study of the degradation of 2-chlorophenol, that the difference in 
decomposition rates is due to the difference in the surface area of the various forms of 
TiO2 rather than the differences in crystal properties. The TiO2 used in this study was 
found using the X-ray diffraction (XRD) to be predominantly of the anatase form. 
The BET surface area of the TiO2 used in this research project was also measured and 
was found to be 7.83 m2/g. Table 3.5 shows the properties of two different 
commercial TiO2 catalysts.  
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Crystalline form 99% anatase 70% anatase ; 30% rutile 



















Figure 4.19 Effect of two different TiO2 catalysts on the photocatalytic oxidation of 
phenol and EL (Experimental conditions: UV exposure time=120min; Initial conc. 
Phenol=1mM; Ethyl lactate=1mM; TiO2 dosage=0.1g/L; pH = 5.0; 
[Cu2+] =0) 
 
From Figure 4.19, it is observed that the higher chemical removal efficiency was 
found to be using Dessuga P25 compared with Merck. From Table 3.5, it can be 
found that there is a significant difference in the BET surface area. Compared with 
Merck, Dessuga P25 has much more BET surface area. Hence, the performance of 
Degussa P25 TiO2 is as shown in Figure 4.19. Although the surface is increased by 
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eightfold, not all surfaces can absorb the UV light energy effectively which cause the 
rate can not be increased with the same magnitude. 
 
4.7 Simultaneous removal of copper-organic waste  
Copper ions are very important components in the wastewater discharged from 
semiconductor industries. This experiment was conducted with the same TiO2 dosage 


























Figure 4.20 Effects of different oxygen conditions on the copper (II) ions reduction 
(Experimental conditions: UV exposure time=120min; Initial conc. [Phenol]0=1mM; 
[Ethyl lactate]0=1mM; pH=5.0; TiO2 dosage=0.1g/L; [Cu2+] =1mM) 
 
It can be seen from Figure 4.20, the copper (II) ion concentration in solution all 
decreased under both aerobic and anoxic conditions. The removal rate of copper (II) 
in the synthetic wastewater is lower in anoxic conditions as compared to the removal 




After the reaction for 2 hours under aerobic conditions, green solids were found in the 
synthetic solution, and the solids were collected using membrane filter. An analysis of 
the green precipitate was done with the SEM-EDX. Figures 4.21 and 4.22 showed the 
SEM micrographs with the morphology of the precipitated copper green solid and the 
bare TiO2 respectively. 
 
Figure 4.21 SEM micrographs of the precipitated green solid 
 
Figure 4.22 SEM micrographs of the bare TiO2 
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Figures 4.23 and 4.24 are the EDX analysis of the precipitated copper green solid and 
the bare TiO2 respectively. An initial determination of the unknown precipitated 
green solid was done using EDX. Comparison of Figure 4.23 with 4.24 shows that 
there is a significant copper content in the green precipitate which was absent in 
initial bare TiO2. Carbon is one of the main constituents of the green precipitate. On 
heating the green solid, solid turns black in colour. The green solid could possibly be 










Figure 4.23 EDX analysis of the precipitated green solid  
Element App Intensity Weight% Weight% Atomic%  
    Conc. Corrn.     Sigma      
C K 4.27 0.4695 32.71 0.64 57.59  
Cu L 6.58 0.5346 44.24 0.50 14.72  
O K 3.10 0.5611 19.89 0.39 26.29  
Ti K 0.76 0.8624 3.17 0.13 1.40  
       









Figure 4.24 EDX analysis of the bare TiO2 solid 
 
A confirmation of the identity of the solid was done using XPS. Figure 4.25 shows 
the curve fitting and analysis of the spectrum using XPS-PEAK. 
Element App Intensity Weight% Weight% Atomic%  
    Conc. Corrn.     Sigma      
C K 4.78 0.8486 16.43 0.49 25.02  
Cu L 0.00 0.2513 0.00 0.36 0.00  
O K 7.64 0.3934 56.59 0.53 64.68  
Ti K 7.81 0.8447 26.98 0.34 10.30  
       
Totals   100.00    
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Figure 4.25 XPS Spectrum after curve fitting for the green precipitate on the 
membrane filter 
 
After adjustment with respect to the peak position of carbon (corrected with respect to 
Cbinding energy = 284.6eV), peak positions of both unknowns were found to be at 
935.0eV (Cu 2p). This corresponds to Copper carbonate. Hence the Cu2+ ions are 
removed in the form of copper carbonate (Moulder et al., 1992). 
 
In the absence of copper ions, according to Equations (2-22) and (2-23) in Chapter 2 
was mentioned. One possibility would be most of the electrons being taken up by the 
oxygen molecules to form the super oxidanion according to Equation (2-24), which in 
turn becomes hydrogen peroxide through the equations (2-25) to (2-30). 
 
Equation: 
 O2 + 2e- + 2H+ => H2O2                           (4-4)   
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The standard reduction potential for this reaction, Eo = 0.68V (Zumdahl, 1997). 
Auguliaro et al. (1990) have confirmed the formation of H2O2 in the degradation of 
phenol in TiO2 suspensions by aerating the solution with O2 and He. 
 
As for the reduction of copper ions, 
 Cu2+  + 2e- => Cu  Eo = 0.34V                  (4-5)  
Hence in the presence of oxygen, the electrons could be preferentially trapped by 
oxygen. This can explain that the reduction of Cu is not observed. 
 
The copper ions in the synthetic wastewater are removed through precipitation in the 
form of copper carbonate. This can be due to the low solubility product constant, Ksp 
of copper carbonate. Ksp (CuCO3 at 250C) = 2.5×10-10 (Zumdahl, 1997). The increase 
in the CO32- content in the solution could be as a result of increase in CO2 due to the 
oxidative degradation of the organics according to Chapter 2 equation (2-9). This is 
because, CO2 when dissolved in the synthetic solution, will form carbonic acid, 
H2CO3, which will in turn form bicarbonate and carbonate. After 2 hour reaction, the 
pH was 4.62. Although at this pH, the inorganic carbon is mainly present in the form 
of H2CO3, however CO32- should also co-exist in the solution to form the copper 
carbonate which was detected. 
 
After the reaction for 2 hours under anoxic conditions, brown solids were found in the 
synthetic solution, and the solids were collected using membrane filter. The XPS 
analysis was used to identify the nature of the substances.  
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Figure 4.26 XPS Spectrum after curve fitting for the brown solid 
 
Two of the peaks after adjustment with respect to the peak position of carbon are 
933.6eV and 932.6eV shown in Figure 4.26, which corresponds to CuO and 
elemental copper Cu respectively (Moulder et al., 1992).  
 
Hence Cu2+ initially present in the synthetic wastewater was photocatalytically 
reduced to elemental copper. CuO and two other impurities were detected as well 
possibly due to the oxidation of elemental copper during the drying process prior to 



















Figure 4.27 Effects of different oxygen conditions on photocatalytic oxidation of 
phenol (Experimental conditions: UV exposure time=120min; Initial conc. 























Figure 4.28 Effects of different oxygen conditions on photocatalytic oxidation of 
ethyl lactate (EL) (Experimental conditions: UV exposure time=120min; Initial conc. 
[Ethyl lactate]0=1mM; TiO2 dosage=0.1g/L; [Cu2+] =1mM) 
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From Figures 4.27 and 4.28, the presence of the copper (II) ions would lead to a 
reduction in the organic solvents content in the solution. It was found to be hindered 
in both aerobic and anoxic conditions. This inhibition may be due to the presence of 
anions like SO42- .In addition to the HCO3- and CO32- formed from the photogenerated 
CO2 in the solution, the inhibition was worsed with the introduction of anions like 
SO42-. All these anions would inhibit both the adsorption and photocatalytic 
degradation of organics. In this study, CuSO4·5H2O was used. The inhibition caused 
by the SO42- anions is coherent with what was reported in literatures (Chen et al., 
1997; Halmann, 1996). It was reported that SO42- ions may reduce the photocatalytic 
oxidation rate of organic solutes by up to 70%. HCO3-/CO32-, and NO3- ions had a 
smaller effect comparatively on the rates of photooxidation. Regeneration of 
photocatalysts with the adsorbed SO42- is possible by rinsing with 0.1M NaHCO3 
(Halmann, 1996).   
 
However it should be noted from Figure 4.29 that the Cu2+ in solution could have 
enhanced the rate of TiO2 photocatalytic oxidation. Electrons could have been trapped 
by the copper ions and hence preventing the undesirable electron-hole recombination 
(Serpone, 1994). If the copper ions did not adsorb onto the TiO2 surface, 
enhancement could still be possible through a homogeneous pathway mechanism 



















Figure 4.29a Effect of the initial copper(II) concentration on the photocatalytic 
oxidation of phenol (Experimental conditions: UV exposure time=120min; Initial 
conc. Phenol=1mM; Ethyl lactate=1mM; TiO2 dosage=0.1g/L; aerobic ) 
 
From Figure 4.29a, greater reduction of the phenol content was observed with 
increasing copper(II) ions concentration. The role of copper ions in solution in 
enhancing the photoactivity of titanium dioxide is generally believed to be via 
electron capturing at the semi-conductor surface by the copper(II) ions, as shown in 
Eq (2-11). This has been said to prevent electron-hole recombination resulting in an 


















Figure 4.29b Test of pseudo-first order kinetics according to eq(4-3). at different  
copper (II) concentrations  
 
The plots of ln(C/C0) versus t gave approximately straight lines over the range of 
copper (II) concentrations studied up to 120 minutes of the reaction time as shown in 
Figure 4.29b. The apparent first-order rate constants determined as a function of 
copper (II) concentrations and the corresponding linear regression coefficients were 
tabulated in Table 4.6. Figure 4.30 indicates that higher copper(II) concentration has 
higher reaction rate of photodegradation of phenol. 
 
Table 4.5 Apparent rate constant obtained from Eq. (4-3) at different Cu2+ 
concentrations 
Cu2+ concentration (mM) k’(min-1) r2 
1 0.0106 0.9937 
2 0.0141 0.9957 




















Figure 4.30 Effect of copper (II) concentration on k’(first-order rate constant) 
 
4.8 Effects of encapsulation of TiO2 as a photo-oxidant 
The encapsulation of titanium dioxide was explored. The encapsulation of titanium 
dioxide powder into beads may serve as an enhancement in separation slurry reactors 
in wastewater treatment. With an increase in the settling velocity of the encapsulated 
titanium dioxide beads, the ease of separation of titanium dioxide from the treated 
wastewater may be enhanced significantly. 
 
Due to their small size and long settling times, small particles cannot settle naturally. 
Mechanical sand filtration can remove some larger particles. Membrane processes, 
such as nonofiltration and reverse osmosis, can effectively deal with most of small 
particles. However, membranes can easily be damaged by too much material, as is 
typically present in solution. 
 
 67
Figure 4.30 shows the different size with different TiO2. Due to a much larger size of 
the encapsulated TiO2 beads compared to the raw TiO2 powder, the encapsulated 
TiO2 beads had a significantly higher settling velocity compared to its powdered form 
(Figure 4.31). This made the encapsulated TiO2 beads a promising form compared to 
its powdered form, since this would allow significantly faster and easier separation 























Figure 4.31 Particle size with different TiO2 (TiO2: raw TiO2 powder; TiO2 (wet): 
encapsulated TiO2; TiO2 (dry): encapsulated TiO2 using vacuum dryer) 
 








































Figure 4.33 The effect of different forms of TiO2 on the photocatalytic oxidation 
phenol and EL (Experimental conditions: UV exposure time=120min; Initial conc. 
Phenol=1mM; Ethyl lactate=1mM; TiO2 dosage=0.25g/L; aerobic ) 
   TiO2        TiO2(dry)     TiO2(wet) 




It can be seen from Figure 4.30, compared with pure TiO2 powder, the encapsulation 


























Figure 4.34 The TOC leaching of encapsulation TiO2 (Experimental conditions: UV 
exposure time=240min; Initial conc. Phenol=0mM; Ethyl lactate=0mM; pH=5.0, 
aerobic) 
 
When the encapsulation TiO2 was illuminated by UV lamp, as shown in Figure 4.32, 










CHAPTER 5  
CONCLUSIONS 
 
The adsorption of ethyl lactate and phenol onto TiO2 particles was investigated in this 
study. Results from adsorption experiments indicate that the removal of ethyl lactate 
and phenol due to adsorption onto TiO2 can be neglectable.  It is therefore reasonable 
to assume the photooxidation process is the dormant mechanism for the removal of 
the organic solvents.  
 
In slurry photocatalytic processes, the removal efficiency of organic solvents was 
affectd by catalyst dosage, initial pH, oxygen concentration and TiO2 catalyst form. 
The optimal TiO2 dosage and initial pH were determined under the experimental 
conditions in this study, which were 0.1 g/L and 3.0 respectively. Oxygen has a very 
important role in the photocatalytic process. In the presence of oxygen, the electrons 
can be captured by the molecular oxygen rapidly, hence the photocatalytic process 
had much better removal efficiency under pure oxygen conditions. The TiO2 (Merck) 
used in this study was found to be predominantly of the anatase form and has a BET 
surface area of 7.83 m2/g. Compared with TiO2 (Merck), Degussa P25 TiO2 has much 
more BET surface area, and perform better removal efficiency of organic solvents.  
 
Kinetic experiments on ethyl lactate and phenol photodegradation illustrated that the 
photodegradation process agreed with first-order rate reaction under the experimental 
 conditions in this study. 
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Heterogeneous photocatalysis was found to be able to simultaneously remove the 
Cu2+. Under aerobic conditions, electron scavenging by O2 is a thermodynamically 
favored process which interfered with copper reduction. As a result, there was no 
observable reduction of Cu2+ to Cu. Cu2+ ions were removed through precipitation in 
the form of a green solid. The green solid was identified to be copper carbonate. For 
the reaction of 2 hour, under aerobic conditions and it was found that 63.2% of the 
initial Cu2+ was removed. 
 
The reduction from Cu2+ to elemental Cu was only observed under anoxic conditions. 
In the absence of oxygen, the photodegradation of ethyl lactate and phenol were still 
possible. However the rate of reduction of the organic solvents concentrations and the 
removal of Cu2+ are lower in anoxic conditions as compared to the removal in the 
aerobic conditions. 
 
It has been a major obstacle that TiO2 particles are difficult to separate from the 
treated wastewater stream due to their lower settling velocities. In applying the 
encapsulation technique to titanium dioxide, which photo-catalysed the oxidation of 
organics in semiconductor wastewater treatment, it was found that the production of 
encapsulated titanium dioxide beads was highly feasible. The settling capacity of the 
encapsulated TiO2 was significantly enhanced. More importantly the photo-oxidation 
properties of organic solvents by the TiO2 were still maintained. The encapsulation of 
titanium dioxide powder into beads can serve as an enhancement to slurry reactors in 
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wastewater treatment, because of its high settling velocity and ease of separation of 
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